Abstract: Practical development questions of 3D shape shearography technique for surface strain inspection of curved objects are discussed. Results of a global cameras-projector system calibration and different methods of shear distance estimation in 3D are presented.
Introduction
Shearography (speckle pattern shearing interferometry) is a coherent-optical inspection technique [1, 2] often used for non-destructive testing (NDT) and strain measurement [2, 3] . Being an imaging technique, shearography provides full field measurements in a non-contact way. Shearography directly measures the surface displacement gradients which give a quantitative estimate of in-and out-of-plane surface strain components [2, 3] . Six surface strain components, including in-and out-of-plane components can be measured with known 3D shearography configurations (with three or more viewing or illumination directions) [3, 4] .
The surface strain components can be measured if the information about the object, its shape and location, is known. Mostly flat objects at a known distance were inspected before [2, 3] . In case of a flat object the data processing procedure can be significantly simplified and processing can be done in a "2D manner". However, if the object is curved, its shape and location have to be measured. The shape information is required for correction of the shear distances within the field of view [2, 5] together with sensitivity vector correction [2] . A general solution to the strain inspection of curved objects was reported before [6] . The 3D shearography setup was equipped with an integrated structured light projector for inline shape measuring. That is why the technique was called 3D shape shearography. The complete procedure of the 3D shape shearography system calibration and data processing were also presented [6] . Current research follows the earlier work [6, 7] and is devoted to crucial practical questions of the 3D shape shearography system development. This includes ways to estimate the shear distance in 3D and the camera-projector system calibration. This paper covers in brief these practical questions.
3D shape shearography technique for strain inspection of curved objects
During measurements with shearography a speckle pattern is generated by illuminating a rough surface with an expanded laser beam. Speckle patterns are recorded with a camera with a shearing device ( Fig. 1 (a) ) before and after the surface deformation (e.g. thermal or mechanical loading). The shearing device duplicates the camera field of view (FOV) so that a reference and sheared FOV are shifted one from another. If a Michelson interferometer is used in the shearing device, one of the mirrors introduces this shear ( Fig. 1 (a) ). In case of a non-planar surface the shear distance i d varies along the surface. However, the actual value of the shear distance i d for each surface point i is needed for calculation of the surface strain components.
During the measurements two sets of interferograms are captured before and after the surface deformation. A phase-shift algorithm [8] can be used to obtain phase differences from these sets. Correlation analysis of the phase differences before and after the deformation results in a phase change which contains information on the surface displacement gradients. The developing 3D shape shearography technique uses a multiple viewing approach with three shearing cameras and a single illumination direction ( Fig. 1 (b) ) [6, 9] . Simultaneous use of three cameras is needed to isolate the in-and out-of-plane surface strain components [2, 4] .
The earlier proposed approach [6] for surface strain measuring of curved objects by the 3D shape shearography is used in this research. The approach is based on transferring shearography data from the system to each point of the point cloud, which can be done in 4 steps:
1. Inline object shape measuring with integrated structured light projector. 2. Estimation of the shear distances in x-and y-directions in 3D for each shearing camera. 3. Conventional shearography: capturing phase shifted interferograms before and after the object deformation, phase change obtaining and processing (incl. filtering, 2D unwrapping and zero order fringe tracking) [2, 3] . 4 . Transferring all the shearography data (phase, shear distances in x-and y-directions and sensitivity vectors) from all cameras to each point of the cloud to calculate the strain components at each particular point. 
Global calibration of the 3D shape shearography system
For the step 1 (shape measuring), the cameras and the projector require geometric calibration. The well-known Zhang's camera model [10] can be used for this purpose. Previously in [6] the cameras and the projector were calibrated in pairs as stereovision systems [11, 12] . Recently global calibration of the cameras and the projector (as an inverse camera) was done using the multiple view computer vision approach [13] . First, the cameras intrinsic parameters were identified in a conventional way [14] . Then, a global optimisation procedure was done to identify the extrinsic parameters of the cameras and the projector [13] . As a result, a reprojection error for the three cameras was less than 2.7 pixels (RMS). Reprojection error defines the overall spatial resolution of the 3D shape shearography technique when phase values from three cameras are combined at each point of the point cloud.
The calibration is done for the reference optical paths of shearing cameras when the shutters in the shearing arm of each interferometer are blocked ( Fig. 1 (a) ). The shape of the object can be measured with the common phaseshifting technique by projecting sinusoidal fringes onto the object [15] and presented as a point cloud (Fig. 1 (b) ).
Shear estimation in 3D
Earlier it was proposed [6] to estimate the shear distance for each data point P of the cloud (Fig. 2) by projecting it to each camera C, identifying the shear in the image space pq and reprojecting it back to the surface. The intersection of Cq with the surface gives a point Q which is a corresponding "sheared" point for the initial point P. Shear in the camera space can be estimated by digital image correlation [16] of images captured independently first, through the reference field of view, and then through the sheared one ( Fig. 1 (a) ).
fo rw a rd p ro je c ti o n ba ck w ar d re pr oj ec tio n Figure 2 . Estimation of the shear distances in 3D: (a) forward projection and backward reprojection and (b) intersection of the "sheared" ray with the object's surface.
To get the shear distance PQ, the point Q has to be discovered. This was done by searching the nearest to the ray Cq point of the cloud (e.g. Fig. 2 (b) ) [6] . However, this simple approach results in areas with a step rises of the shear (Fig. 3 (a) ). The points of the point cloud correspond to pixels of the camera. As pixels have a linear discrete structure, points of the cloud also have some degree of regularization. When an initially smooth shear map ( Fig. 2 (a) ) is reprojected to the point cloud point-by-point, this regularization introduces step rises in the shear distances. If the object has a simple shape, a parametric surface can be fitted to the point cloud and the intersection of the ray Cq with this surface can also be found parametrically [17, 18] . In case of a cylinder ( Fig. 1 (b) ), a cylinder model was fitted into the data points using the RANSAC algorithm [19] . Results of the parametric shear calculation are presented in Fig. 3 (b) . Another approach is to identify a triangle which contains the intersection with the ray Cq (e.g. Fig. 2 (b) ) and to triangulate the intersection point within this triangle [20] . Triangulated shear distances are shown in Fig. 3 (c) .
Comparison of the shear maps obtained with the parametric (Fig. 3 (b) ) and triangulation approaches ( Fig. 3 (c) ) shows no significant difference. The triangulation approach is more general as no surface fitting is required. As said before, the "nearest point" resulted in regions with a step rises of the shear distance. The same step rises are expected in the surface strain components, as the shear distances are directly used for the strain calculation.
Conclusions
Practical development questions of the 3D shape shearography technique for surface strain inspection of curved objects are discussed. A global calibration of the cameras-projector system resulted in a low reprojection error, so high spatial resolution of the 3D shape shearography is expected. Three ways of shear estimation in 3D were compared. Fitting of a parametric surface together with the triangulation approach provide more accurate results than a previously used "nearest point" criteria. The obtained results will be used for further development of the 3D shape shearography technique following the aim of brining the technique closer to a practical use in a real life.
